Ribosome-inactivating proteins (RIPs) are cytotoxic N-glycosidases identified in numerous plants, but also constitute a subunit of the bacterial Shiga toxin. Classification of plant RIPs is based on the absence (type I) or presence (type II) of an additional lectin module. In Shiga toxin, sugar binding is mediated by a distinct RIP-associated homopentamer. In the genome of two actinomycetes, we identified RIP-like proteins that resemble plant type I RIPs rather than the RIP subunit (StxA) of Shiga toxin. Some representatives of b-and c-proteobacteria also contain genes encoding RIP-like proteins, but these are homologous to StxA. Here, we describe the isolation and initial characterization of the RIP-like gene product SCO7092 (RIPsc) from the Gram-positive soil bacterium Streptomyces coelicolor. The ripsc gene was expressed in Escherichia coli as a recombinant protein of about 30 kDa, and displayed the characteristic N-glycosidase activity causing specific rRNA depurination. In Streptomyces lividans and E. coli, RIPsc overproduction resulted in a dramatic decrease in the growth rate. In addition, intracellular production was deleterious for Saccharomyces cerevisiae. However, when applied externally to microbial cells, purified RIPsc did not display antibacterial or antifungal activity, suggesting that it cannot enter these cells. In a cell-free system, however, purified S. coelicolor RIPsc protein displayed strong inhibitory activity towards protein translation.
INTRODUCTION
Ribosome-inactivating proteins (RIPs) are cytotoxic Nglycosidases that inhibit protein synthesis by virtue of their enzymic activity, selectively cleaving a specific adenine residue from a highly conserved, surface-exposed stemloop (sarcin-ricin loop) structure in 28S rRNA (Park et al., 2006) . RIPs show depurination activity against eukaryotic and prokaryotic rRNA in the presence and absence of ribosomal proteins (Endo et al., 1991) . Depurination of the sarcin-ricin loop prevents binding of elongation factor 2 to the ribosome, thereby resulting in protein synthesis inhibition (Stirpe et al., 1992; Stirpe, 2004) .
Currently, RIPs isolated from plants are divided into two major groups based on the presence or absence of a lectinlike chain, which makes a significant functional difference. Type I RIPs consist of a single polypeptide chain of about 30 kDa, whereas type II RIPs consist of an enzymically active A chain similar to type I RIPs, linked by a disulphide bond to a slightly larger (approximately 35 kDa) B chain, which has the properties of a lectin with specificity for galactosecontaining carbohydrates (Barbieri et al., 1993; Stirpe, 2004) . The best-known type II RIP is ricin (Lord et al., 1994) .
Only the presence of type II RIPs has been confirmed in bacteria (Suh et al., 1998; Sandvig, 2001) . These potent type II RIPs that contain a glycosphingolipid-binding moiety are produced by Shigella dysenteriae (Shiga toxin) and several other pathogenic bacteria, including certain strains of Escherichia coli (Shiga-like toxins or verotoxins) (Sandvig, 2006) . In this toxin the enzymically active monomeric subunit (StxA) is non-covalently associated with a homopentameric sugar-binding module (Johannes & Römer, 2010) .
Although the enzymic and biological activities of RIPs have been extensively investigated, and for several the crystal structure has been elucidated (Stirpe & Battelli, 2006; Ng et al., 2010) , their precise physiological role is still subject to debate. Plant RIPs are generally suggested to be defencerelated proteins, as they are able to inhibit the multiplication and growth of several pathogenic viruses, fungi and bacteria either alone or in conjunction with other defencerelated proteins. On the other hand, their wide distribution in plants suggests that they have an important role, giving an evolutionary advantage that justifies their conservation (Girbés et al., 2004) .
In this manuscript, we describe the analysis of a gene (designated ripsc) from Streptomyces coelicolor, genetically the best-characterized Streptomyces species (Bentley et al., 2002) , with an orthologue in Streptomyces lividans that encodes a protein with significant homology to previously described type I RIPs. We studied the biological properties and antimicrobial activities of this putative RIP homologue encoded by SCO7092.
METHODS
Strains, media and growth conditions. E. coli strain TG1 was used as host for cloning purposes (Sambrook et al., 1989) . Cultures were grown at 37 uC (with shaking at 300 r.p.m.) in Luria-Bertani medium, supplemented with the appropriate antibiotics. S. coelicolor M145 and S. lividans TK24 and their derivatives were precultured in 5 ml phage medium (Korn et al., 1978) supplemented with the appropriate antibiotics, when needed, and grown at 27 uC with continuous shaking at 250 r.p.m. for 48 h. After homogenizing the mycelium, the strains were inoculated in liquid Nutrient broth-MOPS medium (NM) (Van Mellaert et al., 1994) . For solid media, mannitol soya flour (MS) (Kieser et al., 2000) or MRYE medium was used (Anné et al., 1990) supplemented with thiostrepton (10 mg ml 21 ), where applicable. Protoplast formation and subsequent transformation of S. lividans were carried out as described previously (Kieser et al., 2000) . For the yeast toxicity test, Saccharomyces cerevisiae strains W303-1A and BY4743 were grown on selective plates [synthetic dextrose (SD)-His] and in liquid [synthetic complete (SC)-His 2 % raffinose] medium at 30 uC. Saccharomyces cerevisiae cells were transformed using the Gietz method (Gietz et al., 1995) . For evaluation of RIPsc antifungal activity, fungi were grown on YPD agar plates (1 % yeast extract, 2 % peptone, 2 % glucose, 2 % agar) at 27 uC for 48 h.
DNA manipulation and vector construction. For all DNA manipulations standard techniques were used (Sambrook et al., 1989; Kieser et al., 2000) . Restriction endonucleases and DNA-modifying enzymes were obtained from Invitrogen and Roche Diagnostics.
For overexpression of ripsc in S. lividans, the gene encoding the predicted mature RIPsc protein was amplified by PCR with the primers 59-TACTGCAGATACGCCCAACAGGC-39 and 59-TACTTA-AGTCACCTTTGCCCGTTGATGGC-39 using chromosomal DNA of S. coelicolor M145 as a template. After verification of the DNA sequence, the ripsc gene was cloned as a PstI-T4 DNA polymerasetreated/EcoRI fragment downstream of the vsi promoter and signal sequence into pBSDK0.6Sma (Lammertyn, 2000) , treated with DraIIKlenow polymerase/EcoRI, resulting in pBSvsirip. Finally, the complete expression cassette containing the vsi promoter, vsi signal sequence and the ripsc sequence encoding the mature protein was transferred as an XbaI/EcoRI fragment from pBSvsirip to the corresponding sites of the Streptomyces plasmid pIJ486 (Ward et al., 1986) . The resulting vector pIJ486vsirip was used for overexpression of ripsc in S. lividans.
pET-RIPsc used for the overproduction and subsequent purification of N-terminally 6His-tagged RIPsc from E. coli was constructed by inserting an NdeI/BamHI fragment encoding the mature RIPsc protein into the corresponding sites of pET3a. This latter fragment encoding mature RIPsc was amplified by PCR using S. coelicolor M145 chromosomal DNA as template with the primers MatRIPscF (59-TACATATGCACCATCATCACCATCACGATACGCCCAACAG-GC-39) and RIPscR (59-TAGGATCCTCACCTTTGCCCGTTGAT-GGC-39). The MatRIPscF primer also contained a 6His-encoding sequence to allow subsequent affinity purification.
To test the toxicity of RIPsc in Saccharomyces cerevisiae, a galactoseinducible expression system available in Saccharomyces cerevisiae W303-1A and BY4743 strains (Thomas & Rothstein, 1989; Brachmann et al., 1998) was used. For this purpose, the S. coelicolor putative rip gene was amplified by PCR with the primers 59-TAGGATCCGATACGCC-CAACAGGC-39 and 59-TACCTAGGTCACCTTTGCCCGTTGATG-GC-39) using chromosomal DNA of S. coelicolor M145 as a template. The amplified sequence was cloned in pGEM-T Easy (Promega). After DNA sequence verification and determination of the orientation of the cloned ripsc fragment, the ripsc gene was obtained as a BamHI (restriction site present in the 59 primer)/ApaI (restriction site present in the pGEM-T Easy vector) fragment and cloned in the corresponding sites of the pESC-His vector (Stratagene), downstream of the Saccharomyces cerevisiae GAL1 promoter for galactose-inducible expression in yeast, resulting in plasmid pESCripsc.
RNA isolation. Total RNA from samples was isolated using the SV Total RNA isolation System from Promega according to the manufacturer's protocol. Samples were stored at 280 uC. Yields and RNA integrity were determined on an Eppendorf biophotometer.
RIPsc overproduction in E. coli and purification. For the overproduction of 6His-tagged mature RIPsc, E. coli BL21(DE3)pLysS cells were transformed with the expression plasmid pET-RIPsc, grown at 37 uC and induced with 1 mM IPTG as described by Studier et al. (1990) . Subsequently, the cultures were grown at 37 uC for an additional 4 h. E. coli cells producing 6His-tagged mature RIPsc were harvested by centrifugation (10 min, 5000 g, 4 uC). The obtained pellet was resuspended in 10 ml inclusion bodies sonication buffer [25 mM HEPES, 100 mM KCl, 12.5 mM MgCl 2 , 20 % (v/v) glycerol, 0.1 % (v/v) Nonidet P-40, 1 mM DTT, pH 7.7], with the addition of one EDTA-free protease inhibitor tablet (Roche) and 500 ml lysozyme (10 mg ml 21 ), and then incubated for 30 min on ice. Next, the suspension was incubated for 1 h at 280 uC, after which the suspension was thawed in water at room temperature and sonicated eight times for 15 s. The inclusion bodies were pelleted by centrifugation at 10 000 r.p.m. at 4 uC for 10 min. The pellet was washed 10 times with RIPA buffer [0.1 % (w/ v) SDS, 1 % (v/v) Triton X-100, 1 % (w/v) sodium deoxycholate in Trisbuffered saline (TBS; 25 mM Tris/HCl, pH 7.5, 150 mM NaCl)] and stored at 220 uC until use.
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The isolated inclusion bodies were resuspended in 8 M urea, pH 8.0. After incubation for 1 h at room temperature, the sample was cleared by centrifugation (10 min, 10 000 g), and 6His-tagged RIPsc was purified from the sample by affinity chromatography under denaturing conditions (8 M urea) on a Ni 2+ -nitriloacetate (NTA) column (IBA) as recommended by the manufacturer. The obtained fractions were screened for the presence of RIPsc using SDS-PAGE and fractions containing the desired protein were pooled. Finally, urea in the protein samples was removed by gel filtration on a PD-10 column (GE Healthcare), which had been previously equilibrated with 10 mM Tris/HCl, pH 7.5. Using this procedure, typically 250 mg pure RIPsc could be obtained. Anti-RIPsc antibodies were raised against purified RIPsc samples in rabbits, as described by Geukens et al. (2001) .
Separation of soluble and insoluble protein fractions. For separating soluble and insoluble fractions from the bacterial cell lysates, cells from a 1 ml RIPsc-producing E. coli culture were harvested after 2, 3 and 4 h induction with IPTG by centrifugation (3 min, 10 000 g). The cell pellets were resuspended in 57 ml ATRIT [10 % (w/v) sucrose, 50 mM Tris/HCl, pH 8] with the addition of 19 ml lysozyme solution (20 mg ml
21
) and incubated for 15 min at room temperature. After incubation, 76 ml CTRIT [0.2 % (v/v) Triton X-100, 50 mM EDTA, 50 mM Tris/HCl, pH 8] was added. The samples were vortexed and next incubated for 5 min at room temperature. The cells were lysed by freeze-thawing, after which the samples were centrifuged for 5 min at 10 000 g. The supernatant, corresponding to the soluble protein fraction, was mixed with 25 ml protein loading dye and analysed by SDS-PAGE. The remaining pellet, i.e. the insoluble protein fraction, was washed with 150 ml BTRIT (25 mM EDTA, 25 mM Tris/HCl, pH 8), resuspended in 167 ml TRIT (3 vols ATRIT, 1 vol. BTRIT and 4 vols CTRIT) and mixed with 33 ml protein loading dye for subsequent analysis by SDS-PAGE.
SDS-PAGE and Western blotting. The protein fractions from the bacterial extracts were resolved on 12.5 % SDS-PAGE and stained with Coomassie brilliant blue. To confirm the identity of the resulting bands, the bacterial protein samples were transferred onto a PVDF membrane and probed with anti-RIPsc antibodies. Immunodetection was performed using anti-rabbit IgG labelled with alkaline phosphatase using a colorimetric method with nitroblue tetrazolium chloride (NBT)/5-bromo-4-chloro-39-indolyl phosphate p-toluidine salt (BCIP) as substrates.
In vitro protein translation inhibition assay. Purified RIPsc was tested for in vitro protein synthesis inhibition activity using the rabbit reticulocyte lysate system (Promega). The translation was performed according to the manufacturer's protocol using luciferase mRNA. The translation products were detected using the Transcend nonradioactive translation system (Promega) by chemiluminescence. Rabbit reticulocyte lysate (35 ml) was incubated for 30 min at 30 uC in the presence of purified RIPsc protein (500, 250 and 125 ng). Similar amounts of RNase-free buffer (10 mM Tris/HCl, pH 7.5, 100 mM NaCl) or RNase-free water were used as controls. To these mixtures, 1 ml amino acid complete mixture, RNasin RNase inhibitor (40 U, Promega), 100 ng luciferase mRNA and 1.5 ml Transcend tRNA were added, and next RNase-free water was added to a final volume of 50 ml. After the initiation of translation, the samples were further incubated at 30 uC for 1 h, after which the samples were placed on ice to stop the reaction. In order to detect the translation products, 15 ml protein loading dye was added to 5 ml reaction mixture and heated to 90 uC for 2 min. The denatured samples were separated by 12.5 % SDS-PAGE, transferred to a PVDF membrane and subsequently treated according to the manufacturer's protocol for chemiluminescence detection (Promega). The bands were visualized using X-ray films.
Determination of N-glycosidase activity. Adenine released from ribosomes by RIPsc-overproducing E. coli was determined using quantitative RT-PCR (qRT-PCR), as described by Melchior & Tolleson (2010) . In brief, two pairs of primers were designed. One pair, which anneals upstream from the RIPsc-affected site of the 23S ribosome subunit, was used as a control. The other pair was designed to specifically detect the alternate sequence, with the AAT transversion, in the 23S ribosome subunit. The 39 end base of the reverse primer (in bold type) matches the base in the altered sequence but does not match the base of the native sequence. The third base counting from the 39 end (underlined) is a mismatch with both sequences. In this way, the last codon 39-terminal from the reverse primer totally mismatches the native sequence. Consequently, qRT-PCR amplification of the native 23S ribosome sequence is much lower than that of the altered sequence. The following primers were used: control forward primer, 59-ATGTCGGCTCATCACATCCTGGGG-39; control reverse primer, 59-CCCAGCTCGCGTACCACTTTAAA-39; test forward primer, 59-ACTGAGGGGGGCTGCTCCTAGTA-39; test reverse primer, 59-TGCGTCCACTCCGGTCCACA-39.
Real-time PCR was performed in a Rotor-Gene RG-3000 thermal cycler (Corbett Research) using One-Step SYBR GreenER chemistry from Invitrogen. Reactions with a 20 ml total volume were prepared, containing 5 ng total E. coli RNA ml 21 and 0.2 mM of each appropriate pair of primers. Each RNA sample was run in triplicate with both pairs of primers. Corbett Research software was used to obtain threshold cycle (C T ) numbers. Total amplicon concentration was determined from ripsc cDNA obtained by RT-PCR.
Yeast toxicity assay. RIPsc toxicity was tested by intracellular production in yeast cells. Therefore, a galactose-inducible expression system in Saccharomyces cerevisiae strains W303-1A and BY4743 was used (Thomas & Rothstein, 1989; Brachmann et al., 1998) . These strains, transformed with pESCripsc and the empty pESC-His plasmid, were subsequently inoculated on selective plates (SD-His) and incubated for 3 days. In order to test RIPsc toxicity to yeast, a spot test was performed with these transformants. Three independent colonies were picked up to inoculate liquid medium (SC-His 2 % raffinose), and after 2 days incubation at 30 uC, cell densities were measured. The cell suspensions were diluted to the same density with sugar-free SC-His medium. Samples (5 ml) of different dilutions (OD 600 1, 0.1 and 0.001) of Saccharomyces cerevisiae pESC and Saccharomyces cerevisiae cells harbouring pESC-ripsc were spotted on selective plates with glucose to block RIPsc expression or with galactose to induce RIPsc production.
Assay for antifungal activity. The antifungal activity of purified RIPsc was determined by a radial growth inhibition assay adapted from the method of Schlumbaum et al. (1986) . Various fungal plugs were placed in the centre of YPD agar plates and sterile paper discs were placed next to the fungal plugs. The fungal plugs were inoculated with 5 ml of cultures of Fusarium oxysporum, Trichoderma reesei, Saccharomyces cerevisiae and Aspergillus niger, and grown at 27 uC for 48 h in YPD medium. Purified RIPsc protein (50 mg), which was sterilized using a 0.22 mm pore-size filter (Millipore), was pipetted onto the discs. The plates were then incubated in the dark at room temperature. Antifungal activity was scored as a crescent-shaped zone of inhibition at the mycelial front.
Assay for antibacterial activity. Antibacterial activity of RIPsc was tested using a growth inhibition plate assay. Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, E. coli, Micrococcus luteus and Bacillus subtilis strains were inoculated in liquid Luria-Bertani medium and incubated at 37 uC for 12 h. These cultures were used to inoculate inhibition plates with an inoculation loop. The inhibition plates were made by mixing 10 ml LB agar with 100 mg purified RIP solution (10 mg ml 21 final concentration) Sequence alignment of the S. coelicolor RIP-like protein SCO7092 and its S. lividans orthologue shows that the RIP active site residues are conserved in these actinomycete proteins ( Fig. 1 and Supplementary Fig. S1 ). This is also the case for a number of other bacterial hypothetical proteins revealed by genome sequence analysis, each containing a putative amino-terminal signal peptide for secretion ( Supplementary Fig. S1 ). Comparative sequence analysis indicated that the genomes of Burkholderia sp. CCGE1002 (a b-proteobacterial soil isolate) and Rickettsiella grylli (a cproteobacterial pathogen of arthropods; Leclerque, 2008) encode RIPs clustering with Shiga toxin A subunits, although a homologue of the toxin B subunit appears to be absent ( Fig. 1 and Supplementary Fig. S2 ). Remarkably, SCO7092 shows only a low level of sequence homology with the RIP domain in the hypothetical proteins from two Supplementary Fig. S1 ) was used to construct the phylogenetic tree (for details see Supplementary Fig. S2 ). The scale bar represents 0.6 substitutions per site. Type II plant RIPs and bacterial RIP-like proteins are labelled with (II) and asterisks, respectively. Stx refers to subunit A of Shiga toxins.
other actinomycetes, namely the antibiotic producer Micromonospora carbonacea (Hosted et al., 2001) and Streptomyces scabies, a phytopathogen causing scab on potatoes (Lerat et al., 2009) . Notably, the predicted M. carbonacea gene product carries a unique carboxy-terminal extension of about 280 amino acids. Our analysis suggests that the SCO7092 gene has evolved from a different ancestor, possibly of plant origin (Fig. 1) .
Overexpression of SCO7092 in S. lividans
To study the biological properties of RIPsc, the purified protein was needed. Since we preferred purification of RIPsc from its natural source, we analysed the levels of SCO7092 expression in wild-type S. lividans at different stages of growth by RT-PCR. However, SCO7092 expression was not detectable when S. lividans was grown in liquid NM medium at 27 u C with continuous shaking at 300 r.p.m. (results not shown), while under other growth conditions, SCO7092 expression could be detected (results not shown).
Since RIPsc could not be purified from wild-type S. coelicolor or S. lividans, overexpression of ripsc in S. lividans was performed. To this end, we used the vsi-based expression system, which has been shown to be successful for the secretory production of several homologous and heterologous proteins in (Fig. 2) , although the levels obtained were too low for purification purposes, most likely because RIPsc overproduction is toxic to S. lividans.
Expression of SCO7092 in E. coli
For overexpression of the S. coelicolor ripsc gene in E. coli BL21(DE3)pLysS, a PCR-amplified DNA fragment bearing the gene encoding mature RIPsc (i.e. without the signal sequence) was inserted in pET3a downstream of the T7 promoter (resulting in pET-RIPsc). We chose the E. coli BL21(DE3)pLysS strain, since it expresses endogenous T7 lysozyme, which reduces basal expression of toxic proteins. The strain has been used successfully for overproduction of a type I plant RIP before (Antolín et al., 2004) . From IPTGinduced cultures, samples were taken 0, 2, and 4 h after induction, and total cell lysates were analysed by SDS-PAGE analysis. At the same time, soluble and insoluble protein fractions were separated to determine whether the expression product was present as a soluble protein in the cytoplasm or as an insoluble aggregate in inclusion bodies.
As seen in Fig. 3(a) , RIPsc was efficiently produced in E. coli, although the RIPsc protein was only detectable in the insoluble protein fraction.
Several attempts were made to obtain soluble RIPsc protein, i.e. testing different E. coli host strains [E. coli BL21(DE3)star, E. coli JM109BL21(DE3), E. coli C43BL21(DE3] and E. coli DH5a), lowering the growth temperature to 27 uC and decreasing the IPTG concentration to 0.1 mM. However, in none of these cases was a significant amount of RIPsc observed in the soluble protein fraction. Nevertheless, the dramatic decrease of the growth rate and finally growth arrest of the culture after IPTG induction (Fig. 3b) suggested that although we could not detect it by Western blotting, some RIPsc was produced as a functional protein, exerting a cytotoxic effect.
Purification of the SCO7092 protein from E. coli
Because the amounts of secreted RIPsc in S. lividans [pIJ486vsirip] were too low for purification purposes, the S. coelicolor RIPsc protein was purified after overproduction in E. coli from inclusion bodies as described in Methods. In brief, inclusion bodies were isolated from RIPsc-producing E. coli cells and extensively washed. The resulting proteins were then denatured in 8 M urea and the RIPsc protein was purified from the sample by affinity chromatography on a Ni 2+ -NTA column under denaturing conditions. Evaluation of different refolding procedures demonstrated that for RIPsc, quick removal of urea using gel filtration chromatography was the optimal method to obtain Fig. 3(c) . From inclusion bodies isolated from a 600 ml IPTG-induced culture, approximately 50-100 mg .85 % pure denatured RIPsc protein was retrieved. After the refolding step, about 5-10 mg refolded RIPsc protein could be obtained.
Translation inhibition in rabbit reticulocyte lysates by SCO7092
The best-known activity of RIPs is translational inhibition, which is caused by depurination of A 4324 (or removal of an equivalent base in other ribosomes) in the 28S rRNA of the eukaryotic ribosome, which is essential for translation. Here, we evaluated the effect of RIPsc on ribosomes by assaying its inhibitory activity on protein synthesis by a rabbit reticulocyte lysate. All RIPs described so far have been shown to inhibit protein synthesis, although with very different potencies.
In particular, we tested whether purified recombinant RIPsc was able to inhibit luciferase translation in a rabbit reticulocyte translation system. Rabbit reticulocytes were incubated with increasing concentrations of these protein preparations (125, 250, 500 ng each) for 30 min at 30 u C before translation was initiated. Untreated rabbit reticulocytes served as negative control. Fig. 4 shows that when purified RIPsc was added to the reaction mixture, the amount of luciferase produced in vitro was strongly reduced. The inhibitory effect was found to increase with rising RIPsc concentration. These experiments show that RIPsc specifically inhibits protein translation of rabbit ribosomes. 
N-Glycosidase activity of SCO7092
N-Glycosidase activity of recombinant RIPsc was demonstrated by a novel RIP assay (Melchior & Tolleson, 2010) . This assay is based on the fact that reverse transcriptase usually incorporates an adenosine when it encounters a site with a lesion on the template strand. RIP activity was monitored for RNA samples taken from uninduced and induced cells of E. coli BL21(DE3)pLysS transformed with pET-RIPsc. If the produced protein has damaged the rRNA, reverse transcriptase will insert an adenosine into complementary DNA during qRT-PCR. Provided that a site-specific PCR primer is used, a higher amplification of the altered sequence results. Fig. 5 shows a strong increase in the target amplicon following induction of RIPsc expression, in comparison with the control (template from culture without induction). This shows that RIPsc is removing the specific adenine from rRNA within a universally conserved GAGA sequence (A 2660 in the case of E. coli 23S rRNA).
Antifungal activity of SCO7092
Most RIPs have been shown to be able to inactivate fungal ribosomes. Recent studies also suggest that some RIPs can directly inhibit certain fungi by inactivating their ribosomes and causing cell death. For the latter, internalization of the RIP protein is necessary to exert fungicidal activity (Park et al. 2002a) . Firstly, to analyse whether S. coelicolor RIPsc can inactivate fungal ribosomes and has potent in vivo antifungal activity, we evaluated the effect of intracellular expression of SCO7092 in Saccharomyces cerevisiae. The SCO7092 gene encoding the predicted mature protein was cloned under the control of a galactose-inducible promoter and the effect of SCO7092 expression on yeast was evaluated with a spot test. Fig. 6 shows that SCO7092 expression results in strong inhibition of Saccharomyces cerevisiae growth.
Secondly, the effect of exogenously supplied purified RIPsc on the growth of various fungi was investigated. Of these, Fusarium oxysporum and Trichoderma reesei have been shown to be inhibited by certain RIPs (Sharma et al., 2004; Park et al., 2002a, b; Vivanco et al., 1999; Roberts & Selitrennikoff, 1986) . However, using a radial growth inhibition assay with Saccharomyces cerevisiae and three other fungi, F. oxysporum, T. reesei and A. niger, no significant antifungal activity could be observed for RIPsc (data not shown). Hence, RIPsc does not belong to the small group of type I RIPs that are able to inhibit fungal growth (Sharma et al., 2004; Park et al., 2002a, b; Vivanco et al., 1999; Roberts & Selitrennikoff, 1986) . The absence of a lectin-type chain most likely hampers the ability of the protein to enter the cell. In order to detect the translation products, the denatured samples were separated by 12.5 % SDS-PAGE and then transferred to a PVDF membrane for chemiluminescence detection of newly synthesized protein (Promega). Lanes: 1, buffer control; 2, 0.125 mg RIPsc; 3, 0.25 mg RIPsc; 4, 0.5 mg RIPsc; 5, 0 mg RIPsc. Bars represent the average of two independent experiments. The lower part of the figure shows the visualized bands on X-ray films, which were used to calculate the percentage chemiluminescence for the different samples. Fig. 5 . rRNA N-deglycosylation activity of RIPsc expressed in E. coli. Total E. coli RNA, for use as template in a qRT-PCR assay of RIP activity, was isolated at different time points from two different cultures. The cultures consisted of 48 ml LB medium inoculated with 2 ml overnight preculture of E. coli (pET-RIPsc) and incubated at 37 6C. After reaching OD 600 0.8, one culture was induced by the addition of 1 mM IPTG. The second culture was used as a control, without induction. The amount of cDNA produced is proportional to the enzymic activity of RIP towards target rRNA.
Antibacterial activity of SCO7092 Intracellular expression of SCO7092 in E. coli (see above) already suggested that SCO7092 expression is toxic for E. coli cells. Consequently, the potential antibacterial activity of exogenously applied RIPsc was evaluated using representative Gram-positive and Gram-negative bacteria, i.e. Staphylococcus aureus, Staphylococcus epidermidis, M. luteus, B. subtilis, P. aeruginosa and E. coli. No antibacterial activity against the tested bacteria was detected (results not shown), most likely because of the inability of RIPsc to enter the bacterial cell.
DISCUSSION
In this manuscript, we describe the identification and characterization of a new RIP-like protein from the Grampositive soil bacterium S. coelicolor. Several pathogenic cproteobacteria (Shigella. dysenteriae, E. coli STEC strains and species of Aeromonas, Citrobacter and Enterobacter) have been shown to produce potent cytotoxic type II RIPs involved in human and animal disease (Sandvig, 2006) . However, following our phylogenetic analyses, the S. coelicolor protein appears to be more related to plant type I RIPs than to these Shiga and Shiga-like toxins.
The efficiency of rip expression in bacterial systems has been shown to be highly variable. The cDNA of some type I plant RIPs has been expressed successfully at high levels (Rajamohan et al., 1999; Chi et al., 2001) . In some cases, the recombinant RIP is inactive or far less active than the native protein (Wu et al., 1998) . Conversely, some other RIPs heterologously expressed strongly promote bacterial ribosome inactivation, causing cell growth arrest (Cho et al., 2000) . Finally, some recombinant RIPs are produced as inclusion bodies (Antolín et al., 2004) . The dramatic decrease in growth rate of E. coli upon induction of ripsc expression strongly suggests that RIPsc overproduction is highly toxic to E. coli. Similar results have also been obtained in the case of expression of type I RIPs from Mirabilis jalapa (Kataoka et al., 1991) , Phytolacca americana, Dianthus sinensis (Cho et al., 2000) , Amaranthus viridis (Kwon et al., 2000) and Beta vulgaris (Iglesias et al., 2005) in E. coli cells under inducing conditions. In E. coli, accumulation of RIPsc to high levels could only be observed when the protein was produced as inactive protein in inclusion bodies, most likely because of its inherent toxicity. In this respect, it is also interesting to mention that RIPsc overproduction resulted in a decreased growth rate of its natural host, Streptomyces.
The translational inhibitory activity of purified RIPsc in a rabbit reticulocyte system was of the same order of magnitude as those of other type I RIPs, such as musarmin 1 from Muscari armeniacum (Antolín et al., 2004) and TRIP from tobacco (Sharma et al., 2004) . This suggests that solubilization of the protein from inclusion bodies and refolding of RIPsc yielded fully active protein.
A novel RT-PCR assay for the N-glycosidase activity of RIPs (Melchior & Tolleson, 2010 ) was used to analyse directly the predicted enzymic activity towards rRNA of the ripsc gene product. The amplification of the damaged fragment of E. coli 23S rRNA which contains the specific adenine (A 2660 ) target of RIPs confirmed the identity of the protein as a novel prokaryotic RIP.
The potential antimicrobial activity of RIPsc in vivo was examined by testing its effect on the growth of different fungi and bacteria. When produced in the cytosol of E. coli and Saccharomyces cerevisiae, the RIPsc protein was found to efficiently inhibit cell growth. However, when added to bacterial cells or fungi extracellularly, we could not observe any antimicrobial activity. Consequently, a direct role of RIPsc in antagonism of bacterial and fungal competitors is very unlikely. We assume that the observed lack of antibacterial and antifungal activity of RIPsc is related to the absence of a lectin-type chain, which is present in the more toxic type II RIPs, and which is thought to assist the protein in entering target cells (Stirpe, 2004; Stirpe & Battelli, 2006) . Given the high toxicity of the protein when produced in the cytosol of E. coli and Saccharomyces cerevisiae, it is therefore envisioned that fusion of the RIPsc protein to a lectin could make this protein an efficient antimicrobial compound. 
